The paper introduces a cost effective predictive flux control (PFC) approach for a sensorless doubly fed induction generator (DFIG). The base operation of the proposed PFC depends on controlling the rotor flux (α-β) components using a cost function which is derived through analyzing the relationship between the developed torque and the angular slip frequency. To improve the rotor flux estimation and prediction, an effective rotor flux observer is proposed. A robust rotor position estimator is proposed to guarantee a precise co-ordinate transformation. In order to save the cost, only one rotor current sensor is utilized to evaluate the rotor currents. The finite control set (FCS) principle is utilized to select the voltage vectors which enables the elimination of the pulse width modulation (PWM). To validate the feasibility of the proposed sensorless PFC approach, a comprehensive comparison is carried out between the proposed sensorless PFC and the predictive torque control (PTC) for the DFIG. The obtained results confirm and emphasize the superiority of the proposed PFC in achieving the control objectives with lower ripples content and less computational burdens. Moreover, the effectiveness of the rotor position and rotor flux estimators has been confirmed through the obtained results.
I. INTRODUCTION
Improving the dynamic performance of the doubly fed induction generator (DFIG) has been paid great attention [1] - [5] . This is due to the various merits which the DFIG possesses in comparison with other generation units used by the wind energy systems. For example, compared with fixed speed generators such as synchronous generators, the DFIG has the ability to work at different operating wind speeds with high capability of wind power extraction whatever the value of wind speed is. Moreover, due to the physical construction of the DFIG, its control can be realized through both stator and rotor terminals [6] - [8] . Controlling the DFIG from its rotor terminals has enabled using low power rating converters which can operate at fractions of the DFIG rated power; which saves the cost of the converters to be used. Moreover, the DFIG exhibits high capability in riding through
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The direct power control (DPC) principle of the DFIG has been extensively investigated through various research studies [12] - [17] . The DPC operation principle has based upon controlling the generated active and reactive powers of the DFIG through regulating the direct and quadrature axis components of the rotor current. The DPC is considered as a transformation of the direct torque control (DTC) principle which has been implemented to the induction motor drives earlier. In DPC, controlling the active power results in controlling the developed torque due to the inherent coupling between the active power and the developed torque; while controlling the reactive power results in controlling the flux level inside the machine. Based on this hypothesis, the DPC approach has been firstly applied using the same configuration of the classic DTC which utilized two hysteresis power comparators (active and reactive comparators) to provide the logic states to a look-up table in order to select the appropriate voltage vectors to be applied to the rotor terminals [13] - [17] . The classic DPC approach has managed in achieving the control objectives, but on the other hand it has suffered from noticeable ripples in the controlled variables and this was due to the fact that the selected rotor voltage vector from the look-up table has been applied for the entire control cycle to reduce the active or reactive power error, and during this it may happened that the error of one controlled variable start to decrease while the applied voltage vector continues to make negative variation of the error which means that the error will increase in the other direction and thus the ripple (deviation) is increased again.
As an attempt to avoid the shortages in the classic DPC, the predictive control (PC) technique has been utilized [18] - [21] . In this approach the hysteresis comparators are replaced with a cost effective function which minimizes the error between the reference and predicted values of the active and reactive powers, and the voltage vectors selection has been carried out based on the minimization of this cost function through two procedures; one of them has used the finite control set (FCS) principle to select the optimal voltage vector from a specified number of vectors (0....7) without using any pulse width modulation (PWM) strategy [17] , [18] , while the other has depended on utilizing a certain PWM procedure for voltage selection purpose [20] , [21] . The former one (FCS-PC) introduces simpler configuration compared with the PWM based PC approach and this has motivated the majority of the researchers to adopt it in their studies.
The predictive control (PC) principle has been adopted with the torque and power control as well for the DFIG [22] - [24] . Although the hysteresis comparators and look-up tables were eliminated and the control configuration become simpler, but both the predictive torque control (PTC) and predictive power control (PPC) were suffering from the remarkable ripples content in the controlled variables. The reason for that can be inferred to the previous mentioned explanation which states that the selected voltage vector is applied for the entire sampling interval without any updating within the sampling interval. Another reason for that may be due to the selected value of the weighting factor used by the cost function which needs to be precisely selected as it weights the controlled variables respecting to each other's. The weighting factor plays a vital role in balancing the importance and priority of the control for the variables whatever being the torque and rotor flux in case of predictive torque control (PTC) or the active and reactive powers as in the predictive power control (PPC).
Various attempts have been made to derive an optimal value for the weighting factor through adopting an online optimization technique which updates the weighting factor according to the instantaneous change of the controlled variables respecting to their references [25] , [26] . The disadvantage of this technique is that it adds extra computation burdens on the controller which cannot be realized by all microprocessors.
Recent studies have contributed to the state of the art of predictive torque control (PTC) of DFIG under unbalanced grid voltage as introduced in [27] . In this study, an efficient predictive direct torque schem has been implemented to limit the torque and power pulsations under stady state and transient conditions. In [28] , a direct power control (DPC) technique has been proposed to enhance the performance of the DFIG under unbalanced condition through using of fourswitch three-phase converter.
As an attempt to investigate more about the optimal control configuration for the DFIG through which various control objectives can be achieved; avoiding the shortages in previous methods and adding new contributions to the literature; the current paper introduces an effective predictive flux control (PFC) procedure which can be used with the DFIG as an effective alternate to the predictive torque and power control approaches. The operation principle of the proposed PFC is based on controlling the alpha-beta (α-β) components of the rotor flux using a simple cost function. The cost function is consisting of two terms of similar nature (only flux) and thus there is no need to use a weighting factor as in classic PTC or PPC. All of this contributed in simplifying the control structure, saving the computation time and reducing the switching losses as well. The rotor flux reference (αβ) components are obtained via analyzing the relationship between the developed electromagnetic torque and the angular slip frequency. In order to improve the estimation and prediction of the rotor flux components, an effective rotor flux estimator has been proposed. The proposed flux estimator is then used to estimate the rotor position which is used for the co-ordinates transformation needed to implement the control system. To reduce the overall cost, only one rotor current sensor is utilized while a current estimator is proposed to calculate the second phase rotor current.
It is worth to mention that the proposed PFC is utilizing a simpler cost function form compared with that ones which have been used by the PTC and PPC procedures. The cost function of the proposed PFC is consisting of two terms with the same nature (rotor flux α-β components) which enables the elimination of the weighting factor used by the classic predictive techniques. Moreover, dealing with two terms of same nature is effectively helping in reducing the computational burdens and switching losses as well and this is confirmed through the obtained results.
To validate the effectiveness of the proposed PFC and illustrate its superiority over the PTC approach, extensive tests have been carried out with the help of Fast Fourier Transform (FFT) analysis. The obtained results show that the performance of the DFIG under the proposed PFC is effectively enhanced through reducing the ripple contents in the controlled variables and through reducing the computational time and saving the energy. Moreover, the validity of the rotor current estimation is verified which confirm the effectiveness of the current estimator in replacing the sensor and saving the cost. In addition, the effectiveness and robustness of the proposed rotor position estimator is verified through the precise estimation of the position in wide speed variations under a mismatch in the stator resistance.
The contributions of the current study can be summerized as follows i. The proposed PFC has not been introduced and used before with the DFIG. In addition, it can be extended to be applied for different types of AC machine drives. ii. The design and construction of the proposed PFC have been carried out in a systematic and detailed manner so that the researchers can investigate more about the base principle of the proposed PFC. iii. The paper has introduced a robust rotor flux and rotor position observer with a detailed analysis for the observer's response under different operating frequencies through utilizing the Bode plot diagrams and through analyzing the system transfer functions. iv. A simple and effective method for limiting the number of rotor current sensors is introduced, so that only one rotor current sensor can be utilized which reduces the cost of the overall system configuration. v. A procedure for determining the commutation losses has been introduced, which can be used with different types of AC machine drives. vi. A detailed comparison in terms of total harmonics distortion (THD), average absolute error (as an indication of the ripples content in the controlled variables), number of commutations, switching frequencies, switching power losses and computational time under various operating conditions of DFIG has been carried out for the proposed PFC and PTC approaches as well. Moreover, a detailed view of the action taken by the two control approaches has been presented, which clarify the control response at each instant happened that the controlled variables deviate from their references.
The paper is organized as follows: in section II, the mathematical model of DFIG is introduced in detail. Section III introduces the predictive torque control (PTC) for DFIG. Section IV presents the proposed predictive flux control (PFC). Section V presents the cost-effective rotor current estimation procedure. Furthermore, the proposed rotor flux and rotor position estimator is introduced in section VI. The test results and analysis are presented in section VII. moreover, the conclusion is stated in section VIII.
II. MATHEMATICAL MODEL OF DFIG
To implement the proposed PFC approach, a discretized time model for the DFIG is utilized. The mathematical model of the DFIG is defined in a synchronous reference frame which is rotating with the angular speed ωψ s of the stator flux vector ψ s . The equivalent circuit is shown in Figure 1 in which the superscript sf refers to the stator flux frame in which the stator flux is aligned to the d-axis of the synchronous rotating frame [7] , [12] and [13] .
The parameters R s and R r refer to the stator and rotor resistances, while the parameters L ls , L lr and L m denote to From Figure 1 , the dynamics of the DFIG can be outlined using the following relationships defined in a discrete form at instant kT s , where T s is the sampling time. 
The space vector allocation for the variables in different reference frames can be shown through Figure 2 , in which it can be noticed that the stator flux vectorψ sf s is aligned with the dψ s -axis of the rotating synchronous frame which rotates with an angular frequency of ωψ s . From Figure 2 , it can be also realized that the stator flux vector makes an angle of θψ s with the d s -axis of the stationary frame, while the rotor frame rotates with an angular frequency of ω me and makes an angle of θ me with d s -axis of the stationary frame. It can be realized also that the stator voltage vectorū s is leading the stator flux vector by an angle 90 • and thus it is aligned to the qψ s -axis of the rotating synchronous frame. The superscripts s and r refer to the stator and rotor reference frames, respectively.
Under steady state operation of the DFIG, and under the stator field orientation (SFO) described previously, the following relationships are obtained in discrete forms as 
Based on (3) and (4), the electromagnetic torque can be calculated by
where p refers to the pole pairs. Moreover, the generated active and reactive power under the SFO can be also calculated by 
The active and reactive powers can be also expressed in terms of the rotor current d-q components after utilizing the fluxcurrent relationships as follows
The relationships in (6) and (7) will be utilized later to derive the references of the d-q components of the stator and rotor currents and then the reference value of the rotor flux needed to apply the predictive torque control can be obtained.
III. PREDICTIVE TORQUE CONTROL (PTC) FOR DFIG
The operation of the predictive torque control is relied on controlling the developed torque and rotor flux of the DFIG [29] . The core of the PTC depends on the used cost function which is consisting of two terms; the first which is the torque error (error between the reference torque T * e,k+1 and predicted torqueT e,k+1 value at instant (k+1)T s ), while the second term is the rotor flux error (error between the rotor flux referencē ψ * r,k+1 and predicted rotor fluxψ r,k+1 at instant (k+1)T s ) and this can be expressed in a cost function form by
where i refers to the voltage index (0.....7), while the superscript ∼ refers to the predicted value. It can be realized that the cost function of (8) for the PTC procedure is using a weighting factor w f to balance the weighting of the rotor flux error respecting to the torque error. The determination of w f is a sensitive issue which can lead to deteriorating the weighting balance between the torque variation and rotor flux variation if it is not selected properly. However, an online tuning of w f can contribute in restricting the ripple contents in the controlled variables, but it adds extra computational burdens to the controller which in sequence increases the switching losses. For this reason, the proposed PFC approach is utilized a weighting factor free cost function as will be illustrated in the following section.
The reference of the rotor flux ψ * r,k+1 is calculated using the reference d-q components of stator and rotor currents calculated from (6) and (7) in terms of reference active and reactive powers as follows
Then, the reference d-q components of rotor flux can be calculated by
From (11), the modulus of rotor flux reference to be used in (8) is calculated at instant (k+1)T s by
While, the reference torque T * e,k+1 can be also calculated at instant (k+1)T s under SFO by
The predicted value of the torqueT e,k+1 can be calculated started from (5) and (1), while the predicted value of the rotor fluxψ r,k+1 can be evaluated with the help of (2). Till now, all terms required by the cost function (8) are acquirable and then (8) can be utilized by the PTC approach.
IV. PROPOSED PREDICTIVE FLUX CONTROL (PFC)
The operation principle of the proposed PFC is based on deriving a cost function form which consists of the errors between the references and predicted values of the rotor flux components (ψ αr,k+1 andψ βr,k+1 ). The predicted values of the rotor flux components can be easily obtained with the help of (2) when defined in the stationary reference frame, while the core idea is standing behind the derivation of the references of the rotor flux components (ψ * αr,k+1 and ψ * βr,k+1 ) which is analyzed and described in a systematic manner as following.
The rotor flux reference components ψ * αr,k+1 and ψ * βr,k+1
are derived through analyzing the relationship between the electromagnetic torqueT e,k+1 and the angular slip frequency ω sl,k+1 between the stator flux vector and rotor flux vector. Via utilizing the relationships of (1) and (2) and after some mathematical derivations, the rotor flux variation (derivative) can be expressed in terms of the stator flux variation at instant (k + 1)T s as follows
Then, by taking the Laplace transform of (14), it results
where L t = L s − L 2 m L r refers to the stator transient inductance. From (15) , it can be realized that the rotor flux has a time constant of T f = (R r L m − L r L t ) by which it adapts its change with respect to the applied rotor voltageū sf r,k+1 and the specified stator fluxψ sf s,k+1 which is supposed to be with constant value under normal grid conditions.
The stator flux magnitude can be determined under the SFO by
The stator and rotor flux vectors can be also expressed in exponential forms at instant (k+1)T s bȳ ψ s,k+1 = ψ s,k+1 e jωψ s,k+1 t , andψ r,k+1 = ψ r,k+1 e jω me,k+1 t (17) Via utilizing (17) , the electromagnetic torque of the DFIG can be calculated by
where × denotes to the cross product. Then, from (16) and (18), the torque can be expressed by
where ψ * r,k+1 is calculated by (12) as stated earlier and which is supposed to give a constant value almost equals 1.223 Vs.
From (19) , it can be realized that under normal grid conditions and with fixed stator flux magnitude, the torque can be managed through regulating the angular slip frequency ω sl,k+1 = ωψ s,k+1 − ω me,k+1 when the rotor flux referencē ψ * r,k+1 is kept constant. Thus, for a given torque reference T * e,k+1 , there will be a correspondent reference value of ω * sl,k+1 . The values of ω * sl,k+1 are utilized to obtain the references of the angular synchronous frequency ω * ψ s,k+1
which are then used to calculate the rotor flux reference values (ψ * αr,k+1 and ψ * βr,k+1 ) which are utilized by the cost function of the proposed PFC. The design procedure of the PI torque controller which will be used to obtain ω * sl,k+1 is performed as follows From (19) , the term K = 1.20 * 1.5p
r,k+1 is considered as a constant, and then by differentiating (19) respecting to the time, this results in
By taking the Laplace transform of (20) , this results in
Moreover, the dynamic behavior of the PI torque controller can be described by
From (21), the transfer function which describes the relationship between ω sl,k+1 as an output and T e,k+1 as an input can be expressed by
By substituting from (23) into (22), it results
By dividing both sides by T * e,k+1 (S), and after abbreviations, this results in
In order to obtain stable dynamic response from the PI torque controller, the characteristic equation which outlines its operation must be with real negative roots to have smooth damping for the signal oscillation until it reaches to its steady state value.
The denominator of (25) represents the characteristic equation of the PI torque controller, thus via analyzing equation, the roots which achieve stable response can be obtained as follows
On the other hand, the open-loop (ol) dynamics for a third order system can be described by the following expression
where z and P represent the zero and pole of the open-loop dynamic response of the system, and G is the open-loop gain. The z and P have a direct relationship with the natural frequency ω n and damping factor ζ of the system and which can be expressed by
, and G = ω n , and P = 2ζ ω n
In the same manner, the closed-loop (cl) dynamics of a third order system can be represented by the following transfer function
The denominator of (29) gives the characteristic equation which identifies the desired closed-loop dynamics in terms of natural frequency ω n and damping factor ζ for a third order system which can be represented by
Now, by comparing the (26) and (30), the coefficients k p and k i of the PI torque controller can be calculated by
After designing the PI torque controller, the reference angular slip frequency ω * sl,k+1 can be obtained and then it is added to the estimated mechanical speedω me,k+1 to get the reference angular synchronous frequency ω * ψ
which is then used besides ψ * r,k+1
to get the reference rotor flux α-β components as shown in Figure 3 . Now, the cost function to be used by the proposed PFC approach can be formulated by
Compared with (8), the cost function form of (32) is simpler and does not require using a weighting factor value. Moreover, it can be expected that (32) will exhibit less computational time than (8) , and this can be referred to that (8) contains the torque and rotor flux errors, the torque itself needs to be estimated using other variables which increases the computational time per each control cycle.
The number of commutations which can be considered as an indication to the computation burden on the controller can be calculated using only the voltage index i as an input variable. This fact is realized through analyzing the behavior of the inverter switches in each of the three legs (A,B,C) at each time happened that the voltage index changes its sector. When the voltage index changes its value, the inverter switches update their states (on/off). The variation of the states can be transformed into binary logic forms (0 or 1), and then if the binary logic difference between the present logic state of the switch and its previous one is stored and by summing all logic differences, the total number of commutations can be obtained. Figure 4 shows the code sequence for computing the commutations number in which the voltage index (i) is the input and number of commutations is identified as the output.
Through comparing the formulations of the proposed PFC which utilizes the cost function of (32) and the PTC which implements the cost function of (8), it can be expected that the time taken by the PTC cost function will be larger than the time taken by the PFC cost function. This can be easily realized through analyzing the cost functions terms, for example in (8) , the calculations are performed for the rotor flux and torque; the latter involves within it the calculation of the rotor flux again. Moreover, the calculation of the weighting factor adds extra. On the other hand, the terms used in (32) are only of the rotor flux components which do not need long VOLUME 7, 2019 FIGURE 5. Space vector representation of rotor currents in three different reference frames. time to be calculated; moreover, there is no need for using a weighting factor in this case.
The next important step is to enhance the estimation of the rotor flux so that the prediction is also improved and the ripples content is decreased and this will be investigated in the following sections.
V. COST EFFECTIVE ROTOR CURRENT ESTIMATION PROCEDURE
As an attempt to save the cost of using two rotor current sensors, a cost effective technique is utilized which enables the calculation of the rotor currents using only one current sensor. The previous introduced current estimation techniques with induction machine (IM) drives as stated in [30] - [33] have depended on varying the hardware configuration for the voltage source inverter (VSI) so that the DC link current and the switching states can be used to reconstruct the three phase currents using one current sensor which is the DC link current sensor.
The drawbacks of these techniques are obvious through utilizing a modulation index with a low value and through the existence of a phase shift during the reconstruction process which can impose an error in the estimated currents.
In order to avoid these shortages, the paper introduces a simple and cost effective technique to estimate the rotor current without making a reconfiguration in the VSI toplogy. To illustrate the base principle upon which the rotor currents are calculated using the proposed technique, the space vector representation shown in Figure 5 is utilized.
In the rotor reference frame, the rotor currents are measurable and can be obtained directly with two current sensors; one of them measure phase 'a' rotor current i r ar which is the same of α-component current i r αr as illustrated in Figure 5 . In addition, in order to estimate the β-axis component of rotor the current i r βr , the second current sensor is used to measure the phase 'b' rotor current i r br and then the third phase 'c' current i r cr is calculated and via Clarke transformation, the βcomponent i r βr is calculated. On the other hand, the proposed current estimation technique only calculates the α-component current i r αr while the β-component i r βr is calculated with the help of reference d-q components of rotor current i * dr and i * qr which supposed to be equal to the actual d-q components of rotor current iψ s dr and iψ s qr . This can be explained as follows:
From Figure 5 , and along the q r -axis of the rotor frame, the projections of the reference rotor current d-q components i * dr and i * qr are given by
By vector summation, the two parts of (33) gives the βcomponent of rotor current i r βr bŷ
where the superscript^is used to state that the current is estimated and not directly measured. Moreover, the rotor current references i * dr and i * qr are obtained using (10) . The obtained formulation of (34) can be also validated mathematically as follows:
The 
By substituting from (40) 
which is the same as (34) . Figure 6 shows the procedure of rotor current estimation.
VI. PROPOSED ROTOR FLUX AND ROTOR POSITION ESTIMATOR
For improving the rotor flux estimation, a robust stator and rotor fluxes estimator is proposed. It is well recognized that the voltage model (vm) based flux estimators are usually suf- fering from multiple issues the low speed operating ranges and this can be referred to many reasons; such as the presence of DC drift in the integrated signal and the sensitivity to parameters variation (specifically stator resistance). In order to investigate the effect of stator resistance variation on the performance of the voltage model based flux estimator, the transfer function which outlines the dynamic response of the flux estimator is analyzed as follows
In the stationary reference frame s , the voltage balance in the DFIG can be described bȳ 
where σ = 1 − L 2 m L r L s is the total leakage factor. Then, by taking the Laplace transform of first relationship in (50) 
Then, via plotting the bode diagram for (51), it results the frequency response shown in Figure 7 from which it can be realized that the feed forward voltage model based rotor flux estimator is very sensitive to the variation in stator resistance specially at low speed operation. Thus, a mechanism for compensating the resistance mismatch has to be adopted. Several stator resistance adaptation mechanisms have been used for the wound rotor type IM [34] - [36] , but the proposed adaptation procedures added extra computational burden on the control system and for this reason the rotor flux estimator proposed here is modified to compensate the stator flux estimation error which rises due to the mismatch in R s value.
The rotor flux can estimated using the current model (cm) of the DFIG which can be derived with the help of second 
The additional termū comp,k is utilized to compensate the estimation error due to R s variation and due to DC drift. The compensating termū comp,k can be evaluated bȳ
The coefficients of the PI controller in (55) can be determined by identifying the task of each model in the estimator. For example, at high speed operation, the voltage model dynamics described by (54) is dominating, while at low speed operation, the current model dynamics described by (53) governs and based on this hypothesis, the PI coefficients are computed 
The schematic of the proposed stator and rotor flux estimator is shown in Figure 8 in which the utilized rotor current is obtained via adopting the rotor current estimation procedure presented in Sec.V. where K comp refers to the linear state feedback compensator. Now to check the robustness of the proposed flux estimator the bode plot of (58) is presented in Figure 9 which reports that the proposed flux estimator is robust against the R s variation which enhance the stator flux and rotor flux estimation as well. After verifying the validity and robustness of the proposed flux estimator, the estimated stator fluxψ est s,k which is obtained in stationary frame is considered as a reference signal and the stator flux obtained by the current modelψ cm s,k is considered as an adaptive signal (as it is function of estimated speed see (53 & 54)) which are utilized to extract the speed ω me,k and positionθ me,k of the rotor through using a PI controller which regulate the phase difference between the positions of the two vectors (reference and adaptive) as shown in Figure 10 . In Figure 10 
Till now, the complete system components are obtained and then the system configuration is layouted in Figure 11 . The cost function terms are calculated and computed in the stationary frame (α-β) and thus the selected rotor voltagē u s r,k+1 which minimizes this function is transformed to the rotor frame with the help of estimated rotor positionθ me,k+1 to get the rotor voltage vectorū r r,k+1 which is then delayed by a sampling time T s to be applied to the rotor terminals at instant kT s .
It can be also noticed that only one rotor current sensor is utilized to measure the phase 'a' rotor current i r ar,k and calculate the α-component i r αr,k using Clarke transformation, while the β-componentî r βr,k is estimated using the proposed rotor current estimation technique described in Sec. V.
VII. TEST RESULTS

A. SUB-SYNCHRONOUS AND SUPER-SYNCHRONOUS OPERATION
In order to validate the effectiveness of the proposed PFC approach and the robustness of the proposed rotor flux and rotor position estimators against system uncertainties such as the variation of stator resistance R s , extensive tests have been carried out for a wide speed range. The proposed PFC is tested firstly when changing the DFIG rotational speed from sub-synchronous (from t = 0 s to t = 1.75 s) to super-synchronous operation (from t = 2.25 s to t = 4 s) passing through the synchronous operation (from t = 1.75 s to t = 2.25 s). The second test is carried out for operating the DFIG at synchronous speed which is considered as a sensitive operating condition especially for the sensorless estimate. The third test is carried out at very low speed (about 1% of the synchronous speed). The dynamic performance of the sensorless PFC is compared with the dynamic performance of the predictive torque control (PTC) approach.
The first test is performed when varying the speed from sub-synchronous (-30 % of synchronous speed) to synchronous and then to super-synchronous (+30 % of synchronous speed), while keeping the generated active power at 25 Kw and the generated active power at zero value to realize a unity power factor operation. The torque reference value for both of the proposed PFC and PTC approaches is derived using (13) , while the rotor flux reference is calculated using (12) . For the proposed PFC approach, the reference values of the rotor flux (α-β) components ψ * αr,k+1 and ψ * βr,k+1
are calculated using the designed PI torque controller. The obtained results show the effectiveness of the proposed PFC in achieving the control target in maintaining the The investigation of the ripples content in the stator currents profiles can be clarified more about performing a Fast Fourier Transform (FFT) analysis for the currents, from which the harmonics are calculated under the two control procedures and then are addressed in the Table 1 .
Moreover, the FFT analysis is shown graphically for the two control procedures as illustrated by Figures 19, 20 achieving the control objectives with minimum deviations as shown in Figures 32 and 33 .
The feasibility of the proposed flux and rotor position observers is confirmed therough the obtained results in Fig The estimated rotor position is also illustrated through Figure 36 which present high degree of a greement with the measured position; this can be confirmed also through checking the estimation error in Figure 37 which has a very small values and can be neglected.
The number of commutaions for the two control procedures is also calculated with the help of computation mechanism shown in Figure 4 , and the results are given in table 2, through which it can be realized that the proposed PFC is exhibiting lower computational burden than the PTC which results in reducing the switching losses.
In order to show the detailed behavior of the control action taken by the two control procedures, the instantaneous variation of the absolute error values with respect to the cost function values and voltage vector index is presented. The absolute error for the PTC approach is calculated by 
B. TESTING AT SYNCHRONOUS SPEED
The second test is carried out for active power references of 25 Kw and 50 Kw applied at times t = 0 s and t = 2.5 s, respectively. While the reactive power reference value is set to 0.0 Var to realize unity power factor operation. The rotor is driven at the synchronous speed. The rotor position for the PTC approach is measured while it is estimated for the proposed PFC. The obtained results for the proposed PFC show a noticeable ripple reduction in the controlled variables (torque, rotor The FFT analysis of the stator currents is addressed in Table 1 which demonstrate that the total harmonic distortion (THD) of stator currents under the PFC is with lower values compared with its corresponding values under the PTC. Moreover, the FFT analysis of phases 'a', 'b' and 'c' of stator current is given for the PTC and PFC approaches in a graphical form as shown through Figures 51, 52 and 53 for the PTC and 61, 62 and 63 for the PFC, respectively. From the presented figures, the ability of the proposed PFC in limiting the accompanied noise in a better way than the PTC approach performs is verified. Table 3 presents an analytical comparison between the harmonics content in the stator currents under the PTC and proposed PFC approaches.
In addition, it can be noticed that the rotor currents exhibit less distortion under the PFC, and they are with zero fre- quency (DC quantities) due to the zero slip frequency at synchronous speed operation (see Figure 60 ). Through the same figure, the cost effective rotor current estimation procedure is confirming its feasibility through the precise estimation of rotor current.
Moreover, the proposed sensroless scheme is confirming its effectiveness through the precise estimation of rotor position even with a mismatch in the stator resistance of 50% applied at time t = 2.5s; this can be investigated through the observed minimum deviation from the measured values as shown in Figures 66 and 67 which demonstrate the estimated and actual unit vectors (sin and cos) of the rotor position. In Figure 68 , the estimated rotor position tracks precisely the actual position even with a variation in the stator resistance which confirms the robustness of the proposed sensorless procedure. This can be reconfirmed through the position estimation error which is almost zero as shown in Figure 69 . Also, it can be stated that the proposed PFC approach has proved its effectiveness through achieving the control targets and minimizing the deviation (error) between the predicted rotor flux (α-β) components and their references as can be observed in Figures 64 and 65, respectively. Moreover, by comparing the number of commutations which has been developed by the two control approaches during the implementation, it can be realized that the proposed PFC exhibits less computational burden than the PTC and this is addressed in Table 4 .
A detailed view about the absolute error variation when operating at synchronous speed for the PFC approach can be shown in A FFT analysis has been carried out for the stator currents obtained using the two control procedures at low speed operation. From the comparison, it can be realized that the proposed PFC has managed in restricting the accompanied harmonics in a better way than the PTC. A FFT comparison can be shown in Table 5 .
The feasibility of the rotor current estimation mechanism is confirmed through Figure 92 which shows a finite matching between the estimated and measured rotor currents. Moreover, the control target of the proposed PFC is achieved through the smooth tracking of rotor flux reference values as shown in Figures 96 and 97 The robustness of the sensorless rotor position estimator has been verified at low speed operation with a mismatch in the stator resistance of 50%, and this can be confirmed by the obtained result shown in Figures 98 and 99 which illustrate a very good agreement between the estimated and actual unit vectors (Sin(θ me ) and Cos(θ me )) of the rotor position.
Moreover, the estimated rotor position exhibits a very good agreement with the measured position with minimum error as shown in Figures 100 and 101 . At last, the comparison in terms of the commutations number is given in Table 6 , which proves the ability of the proposed PFC in reducing the computational time. The comparison between the two control procedures (PTC and PFC) can also performed in terms of switching power loss. The amount of energy loss E loss emitted in one transistor per second can be calculated in terms of switching frequency and number of commutations (on and off) by
where f sw is the corresponding switching frequency in Hz, and E on , E off are the energy loss of switching transistor on and off, The terms of (62) can be obtained with the help of the calculated switching frequencies and number of commutations in addition to the collector-emitter voltage and collector current of the switching transistor. The number of commutations and switching frequencies qre already obtained for the three operating cases of DFIG in the results section. Then, the switching power losses for the three test cases are calculated and addressed in Table 7 . From Table 7 , it can be realized that the power switching losses under the proposed PFC are effectively limited comparing with its values under the PTC which confirm the superiority of the proposed PFC approach.
Another analytical comparison between the two control procedures can be performed in terms of the computational time taken during executing the code, and this can be shown through Table 8 .
From Table 8 , it can be realized that the proposed PFC has effectively managed in reducing the computational time in comparison with the PTC, and this is due to the simplicity of the cost function form of (32).
VIII. CONCLUSION
The paper has presented a robust sensroless predictive flux control (PFC) approach for a doubly fed induction generator. The proposed PFC can be considered as an effective alternative to the predictive power (PPC) and torque control (PTC) approaches with the merits of reduced ripples content and limited total harmonic distortion (THD). Moreover, the proposed PFC exhibits less number of commutations than the PTC which contributes in reducing the computational burden on the microprocessor. To save the cost, an effective rotor current estimator is used which enables the reduction of the used rotor current sensors. In order to enhance and improve the rotor flux estimation, an effective rotor flux estimator has been proposed, which is then extended to estimate the rotor position. The effectiveness of the sensorless procedure is confirmed through the results which are obtained at different operating speeds (changing from sub-synchronous to supersynchronous speed, at synchronous speed and at very low speed). These results show that the proposed PFC in general has succeeded in achieving the control targets, besides that the estimated rotor position presents high matching degree with the measured position which increases the robustness of the controller through performing precise co-ordinates transformation even under the parameters mismatch. In the future, this work will be extended with experimental implementation to validate the proposed approach with different cases of study such as low voltage grid and unbalanced voltage grid. Moreover, the proposed approach can be also extended to be applied for different types of AC machine drives. APPENDIX See Table 9 . 
